tions ensures bounded solutions so that we focus on oscillatory solutions and their sensitivity to changes in the parameters. The reference case shows how an initial small perturbation slowly amplifies before settling down to an oscillation with a period of 35 years and an amplitude of about 1°C (Fig.  4A) . The tropical and extratropical fluctuations are out of phase. A cycle starts with a rapid increase in equatorial temperatures (because of the local positive feedback). It causes a drop in extratropical surface temperature as a result of an intensification of the extratropical westerly winds and enhanced evaporation. The increased latitudinal temperature difference gives rise to a poleward transport of heat that halts both the warming of the tropics and the cooling of the extratropics, establishing an equilibrium state that persists for a considerable time before coming to an end and entering into the complementary phase. The period of the oscillation is determined mainly by the delay time d, which depends on the time it takes parcels to travel from the surface in the extratropics to the equator. In reality, no single value can be assigned to d because surface water subducts over a wide range of latitudes and because there are various routes a parcel can follow to reach the equator (Fig.  2 ). This suggest a broad-band spectrum for interdecadal climate fluctuations.
In Fig. 4A , the oscillation is perfectly periodic and transitions from one phase to the other are very abrupt. The introduction of stochastic forcing in the extratropics (Fig.  4 , B and C) causes the transition to be more gradual. Calculations to explore the sensitivity of the results to specified parameters reveal that the period of the oscillation depends linearly on d. A change in ␥, which determines the rate at which heat is transported poleward, affects the magnitude but not the period of the oscillation. Changes in the feedback parameters 1 and 2 effect bifurcations that correspond to discontinuous changes in the period of the oscillation.
The results presented here demonstrate that it is in principle possible for links between the extratropics and the tropicsrapid and poleward in the atmosphere, slow and equatorward in the ocean-to cause continual interdecadal climate fluctuations. Further studies, observational ones such as the analysis by Zhang et al. (13) and theoretical ones, are needed to determine the detailed structure of these fluctuations and of the processes, such as oceanic subduction, on which they depend. The continuously changing shapes and positions of continents significantly influence the evolution and migration of life on the planet. One of the most important mammal migrations occurred during the early to mid-Miocene [ϳ23.2 to 11.8 million years ago (Ma)] when collision of the Arabian and Turkish plates formed a land bridge between Africa and Eurasia (1). This collision also effectively closed the Mediterranean-Indonesian seaway, thereby blocking from that time until the present a circumglobal pathway in which flowed, it is hypothesized, a warm, saline current (2-4). This westward-flowing Tethys circumglobal current (TCC) is believed to have contributed to tropical climates from 30°S to 30°N from the Triassic through the Cretaceous (ϳ245 to 65 Ma) (5) . Its demise in the Miocene was associated with a substantial climate change to the coastal regions of the southern Tethys Ocean, including northwest Africa, northern South America, southern North America, and western Eurasia (2). This climate change had a fundamental impact on the flora and fauna of these regions: For example, vegetation in North America transformed from that of a tropical rain forest in the Eocene (ϳ55 to 34 Ma) to that of a savanna in the Miocene (6) .
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The failure of a recent numerical simulation of the mid-Cretaceous ocean to reproduce such a circumglobal, westwardflowing, equatorial current led to increased scrutiny of the geological evidence and to a controversy concerning the very existence of the TCC (7). In the simulations, the Tethys Ocean has prominent eastward currents-part of the wind-driven gyre circulation-but no westward return flow indicative of a TCC along the continental margins of southern Eurasia, Africa, or South America (8, 9) . This discrepancy between biogeographic evidence and modeling efforts was attributed to the absence of a poleward shift of the mid-latitude westerly winds in the simulation, a shift which had previously been an assumed feature of an ice-free planet in the reconstructions (8, 10) .
This report describes a numerical simulation that has the TCC as a robust feature of the late Cretaceous ocean circulation. We used an atmospheric general circulation model (GCM) (11) that is dynamically and thermodynamically coupled to an oceanic GCM (12) . In a slightly different configuration, this coupled model has been used to describe the atmosphere-ocean response to, for example, CO 2 variations (13) and anomalous freshwater fluxes in the North Atlantic (14) . In the atmospheric model, we quadrupled the present-day value for the mixing ratio of atmospheric CO 2 to be indicative of proposed CO 2 levels during the Cretaceous (15) . We adopted a paleogeographical reconstruction for the Maestrichtian Stage of the late Cretaceous (16) 
, along with 15 unevenly spaced levels in the vertical. We imposed seasonally varying solar radiative forcing with orbital parameters equivalent to those of the present day.
Coupling between the two models proceeded in intervals of 1 day. The atmospheric model delivered surface boundary conditions for the ocean model in the form of zonal and meridional wind stress, heat flux, freshwater flux, and net shortwave radiation. In turn, the ocean model delivered to the atmospheric model surface current velocities and sea surface temperature (SST). Because the model's climatology is reasonable for the decadal time scales of the wind-driven circulation, we did not apply any flux correction during the integration.
We integrated the equations for a model duration of 32 years starting from an ocean that was initially at rest with a thermal (and saline) structure that was a prescribed function of latitude and depth. Because the incoming solar radiation was equal to that of today and because in the absence of dynamics it is the radiative forcing that determines the meridional structure of the ocean's temperature, this function was taken to be a zonal average of the present-day ocean temperatures. (Direct radiative forcing from increased atmospheric CO 2 will not affect the meridional structure of an ocean at rest because this forcing is globally uniform.) Salinity was initialized in an equivalent manner. Because this was a high-resolution coupled model and therefore computationally demanding, we focused specifically on the wind-driven circulation in the upper ocean during the late Cretaceous.
The integration period allowed sufficient time for the adjustment of the atmosphere and upper ocean to the increased level of CO 2 and for the establishment of a wind-driven oceanic circulation (which takes on the order of 1 to 10 years to establish) but not for the equilibration of benthic ocean temperatures. We averaged quantities over the last 6 years of the simulation; this procedure eliminated transients of a time scale shorter than 6 years and delivers the robust features of the general atmospheric and oceanic circulation.
The pattern of annual mean wind stress delivered from the atmospheric model ( Fig.  1) is similar to that of the present day with modifications as a result of the modified continental geometry (for example, westerly wind stress is reduced over the Indian Ocean as a result of the weaker monsoon). Winds are easterly in the tropics from 30°S to 30°N and westerly from 35°to 55°N and from 40°to 70°S within the mid-latitude tropospheric jets. In agreement with an earlier atmosphere-only integration for the mid-Cretaceous (17), there is no poleward shift of the mid-latitude westerlies in response to an ice-free planet. A June-JulyAugust monsoon occurs in our Cretaceous simulation, with maximum westerly wind speeds of ϳ10 m/s over the south Eurasian coast. These winds, as is the case for the present-day monsoon, result in anomalously high rates of precipitation in the model (on the order of 1.2 cm/day) over the Cretaceous Indonesian peninsula.
The winds drive gyre circulations in the large ocean basins that are quite similar to those of today's oceans. Cretaceous analogs of the Gulf Stream and Kuroshio close the circulations in the Tethys and north Pacific basins, respectively (Fig. 2) . The easterly wind stress that dominates in latitudes below 30°, in conjunction with the open ocean gateways between the Indian, Tethys, and Pacific ocean basins, drives a circumglobal, westward-flowing current whose flow path is similar to that proposed in paleobiogeographical reconstructions (4). The current flows along the equator in the Pacific Ocean, around the southern end of the Indonesian peninsula, into the Tethys Seaway between Africa and Eurasia, into the southeastern Tethys Ocean where it is driven southwestward by the local wind stress along the northwestern coasts of Africa and South America, and finally back into the Pacific Ocean through the oceanic gateway between North and South America. We will refer to this current as the TCC. In the southwestern Tethys Ocean, the western Pacific, and the western Indian Ocean, fractions of the TCC diverge to the Gulf Stream, the Kuroshio, and the Agulhas western boundary currents, respectively. Conversely, mass in the simulated TCC is gained by inflow from the broad but weak eastern boundary currents off the west coasts of North and South America and Eurasia.
Our results indicate that the presence of the TCC is not dependent on a poleward shift of the westerly trade winds during the Cretaceous. The current is possible even if the winds at that time were similar to the winds of today. The absence of a TCC in the model of Barron and Peterson (9) should be attributed not to incorrect winds in their model but to the relatively low resolution of their ocean model and possibly to the mid-Cretaceous continental configuration. Higher resolution in an ocean GCM permits simulation of less viscous flow, especially in currents that are relatively narrow compared to the grid spacing in the model (such as equatorial, coastal, and western boundary currents). In addition, the continental geometry, in conjunction with the predicted pattern of wind stress, dictates the direction of the current's flow. A somewhat different continental configuration, such as that for the mid-Cretaceous used by Barron and Peterson, may change the structure of the TCC if the model resolution is sufficient to capture the current in narrow seaways.
The path of our simulated TCC makes its most radical and arguably its most biologically important subtropical excursion along the northern coast of Africa, as it flows through the narrow Tethys Seaway between Africa and Eurasia, bringing warm, tropical water northward. As a result, seasonal temperatures in western Eurasia should not have dropped below freezing west of 75°E. In the model, evaporation rates in excess of precipitation rates over the Tethys Seaway induced values of sea surface salinity as high as 37 parts per thousand in the region bordering southwestern Eurasia and north Africa. If real, such high values of salinity in the warm current would have limited the habitability of nearby coastal regions. The simulated current, upon entering the subtropical Tethys Ocean, is driven back into the tropics and into the Pacific Ocean by strong northeasterly wind stress (see Fig. 1 ).
In the model, the mean depth of the TCC varies substantially, depending on the width of the channel in which it flows (Fig.  3) . In the narrow Tethys Seaway, the TCC attained its maximum vertical extent of ϳ350 m, whereas in the broad Pacific basin, its vertical scale was less than 100 m (basin depths would therefore need to be of order 100 m for such a surface current to be seriously affected by bathymetry in a stratified ocean). The half-width of the TCC had its smallest value of 440 km in the Tethys Seaway and in the equatorial Pacific basin; its largest value of 1540 km was in the southern Tethys Ocean off the northern coast of South America. The predicted core velocity of the TCC ranged from ϳ43 cm/s in the Pacific to ϳ11 cm/s in the Tethys Seaway and Ocean. These parameters deliver a mass flux of 17 sverdrup in the Tethys Seaway, 29 sverdrup in the southern Tethys Ocean, and 13 sverdrup in the Pacific basin.
In such a relatively narrow channel as the Tethys Seaway, however, the surface currents might be strongly influenced by the seasonal south Eurasian monsoon, which in the present-day climate induces surface current reversals (from westward to eastward) off the northeast coast of Africa during the Northern Hemisphere summer. The simulated currents in the Tethys Seaway during June, July, and August (Fig. 4 ) do indeed display a reversed, eastward-flowing monsoon current near the surface. However, this current reversal occurs along the south Eurasian coast and does not countercheck the westward flow of the TCC. The TCC is 5 cm/s weaker than the annual mean during these monsoon months but remains a robust feature of the simulation. However, an increase of mixing and eddy kinetic energy through shear instability between the westward TCC and the eastward monsoon current should occur during the northern summer, as well as coastal upwelling along the south Eurasian coast, which may account for the geological evidence of coastal upwelling in the region (7) .
